To evaluate the porosity profile within the Chelungpu Fault, which slipped during the 1999 Taiwan Chi-Chi Earthquake, we performed X-ray computed tomography imaging of core samples from Hole B of the Taiwan Chelungpu Fault Drilling Project. We established the relationship between the degree of X-ray attenuation and wet bulk density and obtained a porosity profile through the major fault zone at 1,136 m depth. The shear zones within the fault zone generally showed high porosity, and the porosity of the shear in the black gouge zone, which previous research suggests was the slip plane for the 1999 earthquake, was deduced to be 33.0%. This high porosity might indicate dilative shear deformation during the earthquake.
Introduction
The 1999 Taiwan Chi-Chi Earthquake (Mw 7.6) occurred on 21 September 1999, with its epicenter at lat. 23.853 N, long. 120.816 E, and a focal depth of 8 km (Fig. 1) . The earthquake initiated from a hypocenter in the southern part of the Chelungpu Fault and ruptured both up-dip and laterally northward (Chen et al., 2001; Kikuchi et al., 2000; Ma et al., 2000) . The faulting produced surface ruptures over a distance of about 100 km along the Chelungpu Fault, with the largest net slip in the north, where it was up to 11.5 m (Lee et al., 2003) . pressurization, and elasto-hydrodynamic lubrication (e.g. Ma et al., 2003) . All of these are greatly dependent on the quantity of pore water in the slip zone, on the thermal properties of the faulted rocks, and on fluid transport properties in the fault zone.
Therefore, to clarify which of these mechanisms contributed to the 1999 earthquake, it is important to determine quantitatively the porosity in the fault zone. Hirono et al. (2006) In this study, we reconstructed the porosity profile of the Taiwan Chelungpu Fault by using X-ray computed tomography images. We established the relationship between the degree of X-ray attenuation and rock density and used it to determine bulk density and porosity. These data allow us to present the porosity profile of the Chelungpu Fault and discuss the deformation during the 1999 Chi-Chi Earthquake.
X-ray computed tomographic imaging

Principles
X-ray computed tomographic (XCT) imaging is a radiological imaging technique first developed by Hounsfield (1973) . The attenuation of two-dimensional X-ray fan beams penetrating a sample is measured by an array of detectors. X-ray projection data from various directions are obtained by rotating the X-ray source (Hirono et al., 2007) . LC: lithological column. through 360˚ (Fig. 3a) . A two-dimensional image representing the linear distribution of X-ray attenuation is reconstructed using Fourier transformation of the projection data. The degree of X-ray attenuation depends on the density and atomic number of the materials in the samples. Materials with higher density and higher atomic number generally cause higher attenuation of X-rays.
The amount of attenuation in the XCT image is expressed as the CT number (N ct ), which is defined as
where μ is the linear X-ray absorption coefficient of the sample and μ w is the linear absorption coefficient of water, used as a standard reference. The CT number of water is defined as zero, and the CT number of air as -1,000. The CT number is a function of the density and chemical composition of the material.
Capture of XCT images
An X-ray CT scanner (Pratico, Hitachi Medical
Co., Tokyo) at the Kochi Core Center was used for this study ( Fig. 3a) . X-rays were produced by electrons striking a Mo-W alloy target in an X-ray tube. To determine the correlation between the degree of X-ray attenuation and density, we captured at least one slice image for every 1 m of core (Fig. 3b ). The electron current was 100 mA, the accelerating voltage was 120 kV, and the scan time was 4 s. Each image was 1 mm thick, and the resolution was 0.31 0.31 mm (512 512 pixels). The output XCT images were digitized as DICOM-formatted 16-bit grayscale image files.
Because X-ray equipment with a wide energy range was used in this study, the XCT images include beamhardening artifacts: X-rays with lower energy (longer wavelength) are attenuated more and penetrate a shorter distance into the sample than higher energy X-rays.
However, the detector counts only the number of photons without discriminating between different energy levels (wavelengths). As a result, the outer part of the sample has an apparently higher CT number. The line profile of CT numbers across a homogeneous intact siltstone core from 1,294.75 m in Hole B (Fig. 4) shows relatively high CT numbers at the edges of the core. To exclude the effect of this artifact, only the central parts of each XCT image were used for the CT number analyses. These were calculated as the average of the CT numbers within the 3.1 3.1 cm (100 100 pixels) square shown in Fig. 4 .
Correlation of CT number with density
Bulk density measurements
For bulk density and porosity measurements, we took discrete subsamples at intervals of 1 m from intact rocks. The depths sampled were the same as those used for the capture of XCT images. First, the wet mass, M wet , of each of the fully water-saturated subsamples was measured on an electronic balance with a precision of ± 0.001 g. Then the subsamples were oven-dried at 105 ± 5˚C for 24 h and allowed to cool in a desiccator before the dry mass, M dry , and dry volume, V dry , were measured. The dry volume of each subsample was determined at least three times with a helium-displacement pycnometer (Quantachrome PentaPycnometer) with a nominal precision of ± 0.01 cm 3 , and then averaged. Pore volume, V pore , was calculated by subtracting dry mass from wet mass, assuming a constant 1.0 g/cm 3 density for the pore fluid evaporated during drying. Then porosity, ø, and wet bulk density, bulk , were calculated as ø = { V pore / ( V pore + V dry ) } 100, and (2)
Porosity and density were accurate to within 0.1% and 0.01 g/cm 3 , respectively. The resultant porosity and bulk density profiles with depth are shown in Fig. 2. 
Lithology of samples
In TCDP Hole B (Fig. 2) , the depth interval To correlate CT number with bulk density, we determined two lithological categories: sandstone, in which we included sandstone-dominant sandstonesiltstone alternations; and siltstone, in which we included siltstone-dominant siltstone-sandstone alternations.
Correlation
We determined the averaged CT numbers for 423 subsamples from Hole B core samples, and classified each sample as either sandstone or siltstone (as categorized above). Then we plotted the CT numbers with wet bulk density (Fig. 5) . For the rocks categorized as sandstone, we determined the relationship between CT number and bulk density to be
However, the correlation coefficient was 0.29, which might be attributable to the inclusion of a variety of mineral grains of different densities. On the other hand, we determined the relationship between CT number and density in the rocks categorized as siltstone to be
The correlation coefficient here was 0.73, which was better than that for the sandstone category. 
Bulk density profile
We captured continuous sequential XCT images of core samples from 1,135.95 to 1,136.75 m in FZB1136.
The XCT settings were 100-mA electron current, 120-kV accelerating voltage, and 4-s scan time. The image slices were captured at 1-mm intervals, and each image was of a 1-mm thickness of core. The resolution of the images was 0.31 0.31 mm. Stacked images were produced with VGStudio MAX software (Volume Graphics GmbH, Heidelberg, Germany). The XCT image in Fig. 6 is a cross section in a plane parallel to the direction of dip of the shear plane. We counted the CT number at the center area of the XCT image for each depth at 1-mm intervals and calculated bulk density by using equation (5). The reconstructed bulk density profile is shown in Fig. 6 .
Porosity profile
The relationship of porosity to wet bulk density and grain density, grain , is defined as follows:
where pore fluid is the density of pore fluid, which we assumed to be 1.0 g/cm 3 . In the Chinshui Shale, the average grain was calculated to be 2.72 g/cm 3 , which we used for the porosity calculation. The reconstructed porosity profile is shown in Fig. 6 .
Discussion and conclusions
The general trends of the porosity profile revealed by XCT and the TDR porosity profile reported by Lin et al. (2008) were not large differences in the major element contents of the gouge zone, breccia zone, fracture-damaged zone, and host rock (e.g. in the black gouge zone, SiO 2 64.9%, This resolution allows detailed correlation of the porosity profile with fine structures. We determined the XCT porosity of a 2-cm-thick major slip zone thought to be associated with the 1999 Chi-Chi Earthquake to be 33.0% (Fig. 6 ). High porosity in the slip zone can indicate dilative shear deformation during an earthquake. Lin et al. (2008) also suggested that fault Fig. 6 Photo image and sketch of core, X-ray CT image, and depth profiles of CT number, wet bulk density, and porosity for FZB1136. TDR porosity data from Lin et al. (2008) is also shown. BGZ: black gouge zone; GGZ: gray gouge zone; BZ: breccia zone; FDZ: fracture-damaged zone; MSZ: a 2-cm-thick major slip zone thought to be associated with the 1999 Chi-Chi earthquake, identified by . zone materials might become noncohesive and that their porosity might increase immediately after a largedisplacement slip.
Finally, we emphasize that the reconstruction of a fault zone porosity profile from XCT imagery presented here is the first attempt to do so, and it may provide a valid tool for detailed correlation of porosity with microstructure in shear and/or slip zones.
